Nutritional or pharmacological perturbations during perinatal growth can cause persistent effects on the function of white adipose tissue, altering susceptibility to obesity later in life. Previous studies have established that saccharin, a nonnutritive sweetener, inhibits lipolysis in mature adipocytes and stimulates adipogenesis. Thus, the current study tested whether neonatal exposure to saccharin via maternal lactation increased susceptibility of mice to diet-induced obesity. Saccharin decreased body weight of female mice beginning postnatal week 3. Decreased liver weights on week 14 corroborated this diminished body weight. Initially, saccharin also reduced male mouse body weight. By week 5, weights transiently rebounded above controls, and by week 14, male body weights did not differ. Body composition analysis revealed that saccharin increased lean and decreased fat mass of male mice, the latter due to decreased adipocyte size and epididymal, perirenal, and sc adipose weights. A mild improvement in glucose tolerance without a change in insulin sensitivity or secretion aligned with this leaner phenotype. Interestingly, microcomputed tomography analysis indicated that saccharin also increased cortical and trabecular bone mass of male mice and modified cortical bone alone in female mice. A modest increase in circulating testosterone may contribute to the leaner phenotype in male mice. Accordingly, the current study established a developmental period in which saccharin at high concentrations reduces adiposity and increases lean and bone mass in male mice while decreasing generalized growth in female mice. (Endocrinology 155: 1313-1326, 2014) 
M
ammalian development is an intricate and complicated process occurring through sequential events. Each process (eg, organogenesis) is itself governed by a meticulous coordination of complex cellular processes (eg, cell differentiation and migration). Distinct interactions between inherent fetal characteristics (eg, genetics) and environmental influences (eg, gestational nutrition) function in harmony to regulate developmental signaling pathways. Consequently, changes in either component can modify these biological pathways to culminate in abnormal organ development. Abnormal environments do not assure an immediate or deleterious developmental outcome. Changes in the fetal environment and thus organ development may be present at birth or be delayed, presenting as a detrimental or advantageous outcome only later in life. For instance, men exposed to global nutrient restriction during the first 2 trimesters of gestation are twice as likely to become obese by age 19 (1) . If exposed to nutrient restriction during the third trimester and first 3-5 postnatal months, men are half as likely to develop obesity compared with control counterparts (1) . Similar results have been documented in rodent, ewe, and non-human primate models of maternal nutrient and protein restriction (reviewed in Ref. 2) .
Nonnutritive or artificial sweeteners (eg, saccharin) are commonly used to decrease the calorie content of food and drink. Artificial sweeteners are therefore part of the arsenal to combat obesity. It was estimated that in 2009, 20% of the United States population aged 2 and above consumed calorie-free or low-calorie drinks containing nonnutritive sweeteners, with 11% consuming more than approximately 500 mL on any given day (3, 4) . A large variation in saccharin intake has therefore been reported in adults and children (0.21-3.5 mg/kg Ϫ1 ⅐ d
Ϫ1
), with as much as 11.7 mg/kg Ϫ1 ⅐ d Ϫ1 reportedly consumed by a population of adult persons with diabetes (5-10). Consumption of artificial sweeteners appears to be largely dependent on the country of origin, year, and availability. Although artificial sweeteners are deemed safe for human consumption in many countries around the world, the safety of artificial sweeteners has often been questioned (11, 12) . One recent issue of safety derives from associations made between consumption of artificial sweeteners and a greater risk for overweight and obesity, particularly when consumed in exorbitant amount (13) (14) (15) (16) (17) . This association remains contentious, because independent studies have been unable to replicate this association (18, 19) or in turn have shown weight loss (20, 21) . The hypothesis that artificial sweeteners increase the propensity for obesity is not unwarranted. Many artificial sweeteners are pharmacologically active. In culture, sucralose produces a dose-dependent release of glucagon-like peptide-1 from enteroendocrine cells (22) , whereas saccharin increases insulin section from MIN6 and primary mouse pancreatic ␤-cells (23, 24) . Likewise sucralose, acesulfame potassium and saccharin increase glucose absorption via glucose transporter 2 in perfused mouse intestines (25) . Saccharin has also been demonstrated to rapidly increase circulating insulin concentrations in vivo (23) . Most recently, our laboratory has described the ability of saccharin and acesulfame potassium to stimulate adipogenesis of mouse and human precursors in vitro. Saccharin induced adipogenesis by stimulating phosphorylation of Akt (protein kinase B) and its downstream effectors, cAMP response element-binding protein and Forkhead box protein O1 and FOXO1, and inducing expression of peroxisome proliferator-activated receptor (PPAR␥) and Ccaat-enhancer-binding proteins (C/EBP)␣. Furthermore, treatment of mature adipocytes with either sweetener suppressed basal and forskolin-stimulated lipolysis (26) . Despite the fact that induction of adipogenesis and inhibition of lipolysis by saccharin was independent of sweet taste receptors (T1R2/T1R3) (26) , mice deficient in sweet taste receptors have reduced adiposity and increased bone mass (27) . The aforementioned studies together suggest possible mechanisms, through which artificial sweeteners modify adipocyte biology and glucose homeostasis and thus the propensity to develop obesity. Accordingly, the purpose of the current study was to investigate whether consumption of saccharin during adipose tissue development increased the number and/or size of adipocytes, exacerbated body weight gain on a high-fat diet, or altered glucose homeostasis in adult mice fed a westernized diet. Counter to our hypothesis, neonatal male mice administered saccharin through maternal lactation did not have greater body weight gain. Saccharin instead increased lean and bone mass, reduced white adipose tissue (WAT) mass by decreasing size but not number of adipocytes, and caused a mild improvement in glucose homeostasis. In contrast. female mice treated with saccharin had modified cortical bone and weighed slightly less but were not as affected as male mice.
Materials and Methods

Animals, saccharin administration, weaning, and necropsy
All protocols and procedures were approved by the University of Michigan Committee on the Use and Care of Animals and are in accordance with the Animal Welfare Act. Animals were maintained on a 12-hour light, 12-hour dark cycle and fed either an ad libitum standard chow (lactating females) (catalog number 5008; Purina LabDiet) or westernized diet (offspring) (catalog number D12079B; Research Diets, Inc). Nulliparous C57BL/6J mice (n ϭ 10) (The Jackson Laboratory) at 10 weeks of age were bred with mature C57BL/6J males for 48 hours. Females were individually housed afterwards. Beginning 18 days after breeding and continuing daily afterwards, cages were examined at 8 AM, 12 PM, and 5 PM hours to determine which females had given birth. Upon discovery of newborns, each mother was randomly assigned to ad libitum 3% saccharin in water (ϳ146mM) (catalog number S6047; Sigma-Aldrich) or water alone for 21 days. Lactating mothers were administered saccharin within 15 hours of giving birth. The steady state serum concentration in suckling pups at postnatal day 3, measured by mass spectrometry, was estimated at 280 Ϯ 120M (n ϭ 4) (for method see Supplemental information, published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org). Three days after birth, all litters were reduced to 5 pups per female to control for litter size effects. On postnatal day 21 (wk 3), all male (n ϭ 13 control and n ϭ 10 saccharin) and female (n ϭ 12 control and n ϭ 15 saccharin) mice were separated and weaned onto a standard westernized diet (41% fat, 43% carbohydrate, and 17% protein) for an additional 11 weeks.
The composition of the litters can be found in Supplemental Table 1 . There were no differences in the percentage of males or females between treatment groups. Upon completion of the study, animals were anesthetized with isoflurane before cervical dislocation. After severing the aorta, blood was collected from the thoracic cavity. Liver, inguinal WAT (iWAT), perirenal (pr-WAT), ovarian (oWAT), or epididymal (eWAT) were dissected, weighed, divided, and snap frozen for RNA and protein analysis, or placed in 10% buffered formalin for histological analysis. At necropsy, 3 control males and 2 control females from the same litter were found to have idiopathic gastrointestinal distress resulting in distended bowels filled with loose and watery stool. These animals were removed from the dataset.
Anthropometric and nuclear magnetic resonance (NMR) analysis of body composition
All mice were weighed daily 1 week after birth until the completion of the study using an analytical scale. NMR (Minispec LF90 II ; Bruker Biosciences Corp) was used to investigate body composition on postnatal weeks 3, 8, and 13 with the help of the University of Michigan Nutrition Obesity Research Center Animal Phenotyping Core.
Adipocyte histomorphometry
Adipocyte size and number in eWAT were calculated after staining with hematoxylin and eosin using MetaMorph Image Analysis software. Our method is described in detail in Ref. 28 . A brief summary is as follows: 100 -500 mg of eWAT were fixed in 10% buffered formalin and transferred to 70% ethanol before paraffin embedding. A Leica 2155 rotary paraffin microtome was used to make 5-m sections at 100-m intervals across the sample. Samples were stained and representative photos taken using a Zeiss inverted microscope at ϫ40 objective. The area of individual adipocytes was quantified using MetaMorph Microscopy Automation and Image Analysis software (Molecular Devices).
Blood chemistry
Serum concentrations of insulin (catalog number 90080; Crystal Chem, Inc), IGF-I (catalog number MG100; R&D Systems), and total testosterone (Cayman Chemical) were determined using an ELISA as per the manufacturer's instructions. Random blood glucose was measured between 12 and 5 PM hours using a glucometer (Accu-Chek Aviva Plus, Hofmann-La Roche).
Glucose tolerance test (GTT) and insulin tolerance test (ITT)
GTTs were performed at 9 weeks of age. Mice were weighed 24 hours before the test and after a 6-hour fast, filter-sterilized D-glucose was administered by ip injection (catalog number G5767; Sigma-Aldrich) at 2 mg/g Ϫ1 . Blood samples were collected from the tail at 0, 15, 30, 60, or 120 minutes after injection, and glucose was measured using a glucometer. Blood (30 L) was also taken 15 minutes after glucose injection from the saphenous vein for evaluation of insulin concentration. ITTs were performed in mice at 10 weeks of age. Mice were fasted for 6 hours before ip injection of 0.075 U/kg Ϫ1 of recombinant mouse insulin. Blood samples were subsequently collected from a tail bleed at 0, 30, 60, and 90 minutes after injection and glucose measured using a glucometer.
Microcomputed tomographic scanning
Mouse tibia were embedded in 1% agarose and scanned using a microcomputed tomographic scanning system (CT100 Scanco Medical). Agarose-embedded mouse bones were placed in a 19-mm diameter tube before scanning the length of the bones using the following settings: voxel size 12 m, medium resolution, 70 kVp, 114 A, 0.5 mm aluminum filter, and integration time 500 milliseconds. Density measurements were calibrated to the manufacturer's hydroxyapatite phantom. Analysis was performed using the manufacturer's evaluation software at a fixed global threshold (on a grayscale of 0 -1000) of 28% for cortical bone, 18% for trabecular bone, and 22% for total bone to segment bone from nonbone.
Quantitation of bone marrow adipocytes
Bone marrow adipocytes were quantified using osmium tetroxide staining as described in detail in the following method (29) . Briefly, bones were decalcified for 14 days in 14% EDTA, washed with Sorensen's phosphate buffer and placed in 1% osmium tetroxide for an additional 24 hours. The stained bones were subsequently scanned by microcomputed tomographic scanning as described above. A fixed global threshold of 40% (on a grayscale of 0 -1000) was used to quantify the marrow adipose tissue between the growth plate and tibia/fibula junction.
Primary islet isolation and ex vivo insulin secretion
Islets were isolated by collagenase digestion following method outlined in Ref. 30 . In brief, the pancreas was perfused via the splenic duct with 1-mg/mL collagenase XI (Sigma-Aldrich) in HBSS (Life Technologies). Pancreatic digestion was carried out at 37°C for 15 minutes, after which cold Hank's Balanced Salt Solution with 2.5% fetal bovine serum (FBS) (Life Technologies) was added. The suspension was centrifuged at 1000 rpm for 30 seconds, washed 3 times with HBSS with 2.5% FBS, resuspended in RPMI 1640 with 5mM glucose, 10% FBS,100-IU/mL penicillin, and 100-g/mL streptomycin, and poured onto a 70-m cell strainer (BD Falcon, BD Biosciences). Islets were rinsed and handpicked. Islets were allowed to recover overnight before experiments were carried out. The next day, islet cells were washed twice with PBS and cultured serum-free and in 2mM glucose for 1 hour before placing in 2mM or 16mM glucose for 15 minutes. Insulin secretion levels were measured ELISA (Mouse-Insulin UltraSensitive, ELISA; ALPCO Immunoassays).
RNA analysis
Flash frozen liver or eWAT (100 -500 mg) was ground for 3 minutes in 500 L of RNA-Stat60 (catalog number CS-110; AMS Biotechnology) using 0.5-mm zirconium oxide beads and a BulletBlender tissue homogenizer (Next Advance, Inc). Samples were spun at 2 ϫ 10 4 g for 5 minutes to pellet any remaining particulate, and total RNA was isolated per manufacturer's instructions. Using random hexamer primers (TaqMan Reverse Transcription kit; Applied Biosystems), 0.5 g of RNA were reverse transcribed, and quantitative PCR was performed using the StepOnePlus Real-Time PCR system (Life Technologies, Inc) and SYBR green reagents (Bio-Rad Laboratories). Relative gene expression was normalized to TATA-binding protein (TBP) expression and calculated using the cycle threshold method (31) . Primer Sequences are listed in Table 1 . Western blotting was used to evaluate circulating levels of adiponectin (for method see Supplemental information).
Statistical analysis
All data are expressed as mean Ϯ SD. Statistical analysis was performed using GraphPad Prism. A two-way ANOVA was used for comparing time-or sex-dependent effects of saccharin on variables, including weight, body composition, adipocyte area, glucose tolerance, and MUPS-1 and MUPS-3 mRNA expression. A Fischer's Least Significant Difference test (weight) and Bonferroni (body composition, adipocyte area, glucose tolerance, and litter composition) post hoc analysis were used after the ANOVA to compare individual points. A Student's t test was used to evaluate the influence of saccharin on food intake, tissue weight, area under the curve (AUC) Frequency , fasting glucose, AUC 0 -30 minutes GTT, bone parameters, IGF-I, testosterone, and expression of adipokines, adipogenic, and immunocyte mRNA markers. A difference in mean values between groups was considered to be significant when *, P Յ .05.
Results
Exposure to saccharin as neonates decreases female body weight and influences male body weight without modifying food intake
To test the metabolic effects of saccharin treatment on neonates, the first task was to precisely document the growth changes in the mice over the study period. Female body weight increased with age and was affected by saccharin, with an interaction between age and saccharin treatment ( Figure 1A ). Saccharin therefore led to less weight gain in females, with decreased body weight emerging first during postnatal week 3. Body weight of males increased with age and was affected by an interaction between time and saccharin ( Figure 1B ). This interaction of saccharin in males was observed as lower body weights for the first week after weaning, mildly higher body weights for a brief period by week 8, and similar body weights thereafter. To determine whether energy consumption accounted for these changes, food intake was measured weekly during postnatal weeks 8 -12. The changes in body weight were found to occur without significant cumulative differences in food intake ( Figure 1C ).
Neonatal treatment with saccharin through lactation decreases fat mass and increases lean mass in adult male but not female mice
To determine whether the changes in weight associated with saccharin corresponded to changes in body composition, NMR analysis was used to determine changes in lean and fat mass at 3, 8, and 13 weeks of age. Although no effect of saccharin was found on lean ( Figure 2A ) or fat mass ( Figure 2B ) of female mice, lean and fat mass in males was affected by time, saccharin, and interaction between time and saccharin treatment. Specifically, male mice exposed to saccharin had elevated lean mass at 8 and 13 weeks ( Figure 2C) , with a concurrent reduction in fat mass at 13 weeks ( Figure 2D ). Given the inability of NMR to differentiate between lipids stored in adipose tissues vs those partitioned to other organs, oWAT, eWAT, prWAT, iWAT, and liver were carefully dissected and weighed at necropsy. Female mice exposed to saccharin were found to have significantly smaller livers. Males that consumed saccharin through lactation were found to have significantly reduced eWAT, prWAT, and iWAT, but no change in liver weight.
Saccharin increases the number of small and decreases the number of large adipocytes in adult eWAT Male but not female mice treated with saccharin were found to have reduced adipose mass without a significant change in body weight. Accordingly, we focused the remainder of the analysis on male mice. To address whether a change in adipocyte size or number occurred in parallel with the reduction in adipose tissue, weight sections of eWAT were analyzed by image analysis software. The interaction between adipocyte size and saccharin treatment resulted from an elevated number of adipocytes with areas between 1500 -2000 and 2500 -3000 m 2 ( Figure 3A ). To determine the overall change in adipocyte frequency in male mice, the area under the frequency vs adipocyte area curve for 0 -4000 m 2 (smaller adipocytes) and 4000 -10 000 m 2 (larger adipocytes) was calculated. Saccharin consumption during lactation elevated the number of smaller adipocytes and decreased the frequency of larger adipocytes ( Figure 3B ). This difference is clearly visible in the representative photos ( Figure 3C ). To determine whether the reduced weight of adipose tissue was not only due to increased frequency of small adipocytes but was also a reflection of decreased adipocyte number, the relationship between average adipocyte volume and eWAT weight was compared. As expected (28) , the relationship between adipocyte volume and eWAT weight for both treatments was found to be linear. However, the slope and intercept of treatment groups were equal ( Figure 3D ), indicating that saccharin decreases weight of eWAT by causing a reduction in size but not number of adipocytes. Supplemental analysis of gene expression indicated that saccharin administration decreased the expression of eWAT adiponectin mRNA ( Figure 3E ), although analysis of total sera adiponectin by Western blotting did not reveal differences between treatment groups ( Figure 3F ). The expression of the adipokines chemerin, leptin, and MCP-1, the adipogenic genes PPAR␥, FABP4, C/EBP␣, and C/EBP␤, and the immunocyte markers CD68, CD14, and F4/80 were unaltered ( Figure 3E ).
Administration of saccharin through maternal lactation improves glucose tolerance without altering insulin secretion or sensitivity in adult male mice
We next evaluated whether saccharin exposure also influenced glucose homeostasis. Accordingly, random blood Figure 1 . Saccharin treatment through maternal lactation periodically decreases female but not male body weight without affecting food intake. Female body weight increased with age (P Ͻ .0001) and was affected by saccharin (P Ͻ .05), with an interaction between age and saccharin treatment (P Ͻ .0001) (control n ϭ 10, saccharin n ϭ 15) (A). Body weight of males increased with age (P Ͻ .0001) and was affected by an interaction between time and saccharin (P Ͻ .0001) (control n ϭ 10, saccharin n ϭ 10) (B). Cumulate food intake (C). Twoway repeated measures ANOVA with Fisher's LSD test (A and B) or Student's t test (C). doi: 10.1210/en.2013-1995 endo.endojournals.orgglucose levels were measured on weeks 5-8. No difference was found between treatment groups of male ( Figure 4A ) or female mice (data not shown). After a 6-hour fast, however, saccharin-treated males were found to have significantly reduced blood glucose levels ( Figure 4B ). When challenged with an ip bolus of glucose, this reduction in circulating glucose was still observed at the 15-minute time point but was not different from control glucose concentrations at 30 minutes or thereafter ( Figure 4C ). To determine the effect of saccharin on total circulating glucose concentration, the AUC was calculated from the GTT. Saccharin was found to significantly reduce total serum glucose of adult male mice for 30 minutes after glucose administration ( Figure 4D ). Glucose concentrations during fasting or with a GTT were not different in female mice (data not shown). To evaluate whether elevated insulin could explain the decrease in serum glucose in male mice, insulin was measured in serum drawn 15 minutes after the glucose injection.
No difference was found in circulating insulin between treatment groups (Figure 4E ). Given the possibility that saccharin improves glucose homeostasis by increasing insulin secretion, primary ␤-cells were evaluated for secreted insulin in response to glucose and KCl, but differences between treatment groups were not observed ( Figure 4F ). Improved insulin sensitivity could also explain the decrease in serum glucose observed in the male mice during the GTT. However, differences in glucose concentrations were not observed during the ITT ( Figure 4G ).
Total, trabecular, and cortical bone are increased, and cortical bone modified, respectively, in male and female mice administered saccharin Fat and lean mass have both been correlated with bone mineral content and bone mass (32); accordingly, we next evaluated tibial bone variables by CT. Although marrow adiposity was not different in male (Table 2) , the male tibial length, bone volume, and bone volume fraction were all increased by saccharin treatment. Specifically, analyses of the male trabecular bone in proximal tibiae revealed that saccharin increased the total volume, bone volume, bone volume fraction, structure model index, trabecular thickness, and bone mineral content (Table 2) . Elevations in tibial trabecular bone of saccharin-treated male mice are clearly visible in the representative 3-dimensional reconstructions when compared with controls ( Figure 5 ). Cortical bone volume, bone volume fraction, and bone mineral content were also increased in males after saccharin consumption (Table 2 ). In contrast, female mice showed no difference in trabecular bone length or any trabecular bone parameters, although saccharin treatment decreased cortical total volume and increased cortical bone volume fraction and bone mineral content (data not shown). Together, these results indicate that neonatal consumption of saccharin increases cortical and trabecular bone mass in adult male mice and altered cortical bone variables in female mice. Treatment of neonatal mice with saccharin decreases fat mass and increases lean mass in adult male mice. Lean (A) and fat mass (B) for female mice was determined by NMR at 3, 8, and 13 weeks. Male lean (C) and fat mass (D) was affected by time (P Ͻ .0001), saccharin (P Ͻ .05), and interaction between time and saccharin treatment (P Ͻ .05). Body weights and weights of gonadal WAT (oWAT or eWAT), prWAT, and iWAT depot, as well as liver for female (E) and male (F) mice. *, P Ͻ .05, two-way repeated measures ANOVA with Bonferroni post hoc test analysis (A-D) or Student's t test (E and F) (control n ϭ 10, saccharin n ϭ 15 for A, B, and E; control n ϭ 10, saccharin n ϭ 10 for C, D, and F).
Trend towards higher circulating serum concentrations of testosterone but not IGF-I in male mice administered saccharin through lactation
To investigate the underlying mechanism responsible for the "lean" phenotype in male mice administered saccharin, a number of known anabolic hormones were evaluated. No difference was found in liver IGF-I expression in males or females (data not shown), nor were there changes in serum IGF-I ( Figure 6A ) or total testosterone concentrations (P ϭ .09) ( Figure 6B ). Although the relationships between serum testosterone and fat mass ( Figure  6C ) or serum testosterone and lean mass ( Figure 6D ) did not differ, there was a strong trend for saccharin to increase the intercepts in both cases. To evaluate gene expression downstream of testosterone, we measured expression of hepatic major urinary protein 1 and 3, both of which are positively regulated by testosterone (33) . Although no differences in expression were found with saccharin treatment, as expected, males did express higher amounts of MUPS-1 and MUPS-3 when compared with females ( Figure 6, E and F) . Thus, neither IGF-I nor testosterone can explain in totality the phenotype observed in male mice that consumed saccharin during the suckling period.
Discussion
Obesity is one of the greatest health problems in the industrialized world (34) . Epidemiological and animal studies have indicated exposure to an aberrant nutritional environment during fetal development increases the susceptible to obesity in later life by modifying underlying mechanisms (eg, leptin resistance), increasing food intake, and decreasing energy output (28) . Based on an in vitro study from our group, in which saccharin stimulated preadipocyte differentiation and repressed lipolysis (26), we tested whether administration of saccharin to neonatal mice would increase their susceptibility to diet-induced obesity. Contrary to our hypothesis, our experiments identified a developmental period in which saccharin reprograms male mice towards a phenotype characterized by elevated lean and bone mass, and reduced adiposity, while only mildly decreasing body weight and modifying cortical bone in females.
Saccharin is readily absorbed through the gut (35), reaches maximal blood concentrations quickly (35) , binds serum proteins (36) , and is eliminated in the urine without being metabolized (37) . The limited tissue distribution and high renal clearance of saccharin results in a short elimination half-life of approximately 30 minutes in rats (38 -40) . To determine whether saccharin administration to neonatal mice regulates adipocyte development and/or metabolism, a Relationship between calculated adipocyte volume and eWAT weight for control and saccharin treatments (D). Expression of adipokines, adipogenic and immunocyte markers (E). Western blotting and quantitation of band intensity of circulating adiponectin in sera (F). *, P Ͻ .05, twoway ANOVA followed by a Bonferroni (A and F), linear regression with a two-tailed comparison of slope and intercept (D), or Student's t test (B and E) (control n ϭ 9 for A-C, n ϭ 10 for E, and n ϭ 8 for F; saccharin n ϭ 10 for A-C and E and n ϭ 7 for F). (42) . In previous work, approximately 450M saccharin was required to induce expression of fatty acid-binding protein 4 (FABP4) in preadipocyte models (26) . Consequently, a 3% saccharin solution was chosen based on the distribution of saccharin into sera and breast milk, the peak blood concentrations observed in high-dosage consumers, and the need to maximize the likelihood of effects on adipogenesis. Congruous with these calculations and previous literature, a 3% solution consumed by a nursing mouse resulted in a circulating concentration of approximately 280M saccharin in 3-dayold neonatal pups.
The timing of administration was likewise important. In rodents, sc adipocyte commitment and differentiation are initiated in utero. Subcutaneous adipocytes are therefore present at birth and continue to grow postnatally (43, 44) . In contrast, gonadal adipose tissue is first detectable on postnatal day 5 and will undergo commitment, differentiation, and growth thereafter (43, 44) . Administering saccharin through lactation targets the specific period of adipose tissue commitment, development, and growth while the natural pulsatility of suckling and the short half-life of saccharin models a repeated bolus dose, without saturating blood or tissues.
Over the course of the study, saccharin decreased female body weights, which was reflected by a decrease in liver weight at the conclusion of the study. This is consistent with studies in rats fed 1%-7.5% saccharin during gestation and/or lactation, as well as postweaning. The difference in weight loss between the current (ϳ10%) and previous (ϳ40%) studies may be a consequence of different administration routes or dosage (45) (46) (47) . In male mice, however, saccharin had mild and temporary effects on body weight, with weight initially decreasing 1 week Figure 4 . Saccharin administration improves glucose intolerance without altering insulin secretion or insulin sensitivity in adult male mice. Random blood glucose at weeks 5, 6, 7, and 8 (A). Glucose concentration in blood after a 6 hours fast at 9 weeks of age (B). GTT after a 6-hour fast (C). AUC for glucose concentration over the 30-minute test. (D). Serum insulin concentrations 15 minutes after glucose injection (E). Insulin secretion from isolated islets in response to 2mM or 20mM insulin, or KCl (F). ITT (G). Blood glucose concentrations at the indicated times in response to ip insulin administration at 10 weeks of age. *, P Ͻ .05 two-way repeated measures ANOVA with Bonferroni post hoc analysis (A and F), Student's t test (B-E) (control n ϭ 10, saccharin n ϭ 10 for A-C, E, and G; control n ϭ 10, saccharin n ϭ 9 for D; and control n ϭ 5, saccharin n ϭ 4 for F).
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after weaning but rebounding quickly and transiently thereafter. Surprisingly saccharin caused male mice alone to have elevated lean body mass and decreased fat mass. The decreased fat mass was a reflection of diminished iWAT, prWAT, and eWAT weight and adipocyte size. Hence, saccharin had divergent effects between sexes; producing a leaner phenotype in males and a generalized smaller phenotype in females. Blood glucose concentrations rise and peak 15 minutes after an ip injection of glucose in rats. This rise results from absorbed glucose and endogenous glucose production (ie, gluconeogenesis, glycogenolysis, and futile glucose-glucose-6-phosphate cycling) (48) . In an insulin-resistant state, the elevated peak and sustained blood glucose concentrations during a GTT are largely due to diminished inhibition of endogenous glucose production rather than glucose disposal. Mice lacking liver insulin receptors (liver insulin receptor knockout mice) exhibit hyperglycemia due to this decreased suppression of hepatic glucose production (49), whereas mice deficient in skeletal muscle insulin receptors (muscle insulin receptor knockout mice), which contribute to glucose disposal, have normal blood glucose and response to GTT (50) . Saccharin-treated male mice had lower fasting blood glucose concentrations and at the 15-minute time point of the GTT. The principle effect of saccharin exposure was therefore likely due to decreased endogenous glucose production rather than increased glucose disposal (48) . This improvement in glucose tolerance, although consistent with independent studies in adult mice (51), was not associated with increased insulin sensitivity or elevated insulin secretion. It is possible that dose of insulin used during the ITT, or the insensitivity of the method, was insufficient to detect differences in insulin responsiveness. A more sensitive method, such as the hyperinsulinemic euglycemic clamp, will need to be used in the future.
In humans, both fat and lean mass have been correlated to bone mineral density and bone mass (32) . Fat mass appears especially important for determining and maintaining bone composition and density (52) (53) (54) . Surprisingly, male mice administered saccharin have longer tibiae with higher bone mass in trabecular and cortical bone without any change in marrow adipose tissue volume. Saccharin-treated female mice in contrast have altered cortical bone variables alone. To the best of our knowledge, this is the first reported effect of saccharin on bone mass. There is, however, some precedent for effects of nonnutritive sweeteners on bone. Aspartame is documented to slow the onset of lean and bone deterioration in a mouse model of osteoarthritis (55) . Although aspartame is hy- pothesized to mediate these effects by decreasing inflammation and increasing calcium bioavailability, saccharin is unlikely to increase bone mass through these mechanisms. Further investigations pertaining to saccharin and bone mass are therefore needed but are beyond the scope of the current manuscript. Development in rodents is dependent on the quality and amount of food consumed and digested in addition to the energy the animal exerts. Consequently, during the suckling period, rodents are dependent on the quantity and quality of their mother's milk. The composition and volume of milk can be modified by maternal diet. For example, global nutrient restriction decreases milk production (56 -60) and reduces lactose concentrations (58, 61) , leading to delayed growth and smaller mice at weaning (62) (63) (64) . Changes in rodent milk production and composition occur when maternal dietary intake is 70% or less of ad libitum (65) . Previous experiments found consumption of a 5% saccharin solution modestly increased food intake in females (66) . Saccharin is therefore unlikely to have caused sufficient nutrient restricted to modify milk volume or composition leading to the modified body weight or composition noted in saccharintreated mice. This does not eliminate the possibility, however, that saccharin is directly affecting the mammary gland influencing protein or fat secretion into the milk.
The mechanism responsible for saccharin-associated weight loss in previous studies was in part through reduction in food intake (46, 47) . Although no difference in food intake was found in our study, it is possible saccharin modestly decreased food intake. The seemingly minor changes in food consumption may have cumulated over the longer study period decreasing weight gain in saccharintreated females. Although we evaluated food intake from 8 to 12 weeks of age, it is conceivable that saccharin may have also impaired food intake earlier in the study. Nevertheless, food intake would not explain the change in body composition in male mice administered saccharin. Elevated energy expenditure, including adaptive thermogenesis, may also explain the decreased weight in female mice administered saccharin. However, although independent randomized control trials in humans indicate exercise can modify body composition decreasing fat and increasing lean mass (67, 68) , this relationship does not appear consistent in rodents. In wild-type mice, or those bred for high voluntary running, long-term access to running wheels results in decreased body fat without any significant change in lean mass (69, 70) . In both mouse models, an increase in food intake also accompanied the change in body composition. Accordingly, although it is possible that elevated energy output plays a role in the altered body composition, it is unlikely the dominant mechanism in male mice administered saccharin.
Thus, the final aim of the study was to explore potential mechanisms responsible for the change in male body composition. IGF-I (71) and testosterone (72, 73) are important regulators of male development. Mice haploinsufficient for the IGF-I receptor have severely restricted adipose tissue weight and adipocyte number (71) , whereas low serum total testosterone is associated with accumulation of adipose tissue and obesity (74, 75) and decreased lean and bone mass (76, 77) . No change was found in hepatic IGF-I expression in males or females (data not shown), and circulating concentrations of IGF-I or total testosterone did not differ in males. However, there was a strong trend for saccharin to modify the relationship between serum testosterone and fat mass (P ϭ .059) and lean mass (P ϭ .068). The change in intercept but not slope suggests that saccharin may increase basal circulating testosterone but not its relation to body composition. In support of this concept, transgenic male mice that overexpress androgen receptor in mesenchymal stromal cells have increased lean and trabecular bone mass and reduced adipose mass and fasting blood glucose (72, 73) . Elevated testosterone may also explain the decrease in eWAT adiponectin expression, because testosterone has been shown to decrease circulating adiponectin in humans (78) . Saccharin administration did not phenocopy the androgen receptortransgenic mice perfectly, and elevated serum testosterone was not reflected by increased hepatic MUPS-1 or MUPS-3 expression. Equally the linear relationship between serum testosterone and lean or fat mass is not strong in either control or saccharin-treated mice. It is reasonable to infer that testosterone may contribute to, but is not the driving force behind, the phenotype in saccharin-treated males. Trend towards higher serum concentrations of testosterone but not IGF-I in male mice exposed to saccharin during lactation. ELISA of serum IGF-I (A) and testosterone (B) from 13-week-old male mice. Saccharin tends to increase the average concentration of circulating testosterone (P ϭ .09). There was no relationship between serum testosterone and percent fat mass (C) (control r 2 ϭ 0.36, saccharin r 2 ϭ 0.03) and percent lean mass (D) (control r 2 ϭ 0.35, saccharin r 2 ϭ 0.02) in either treatment group. There was, however, a strong trend for saccharin to increase the intercept of the relationship between testosterone and percent fat mass (P ϭ .059) and percent lean mass (P ϭ .068). Expression of MUPS-1 (E) and MUPS-3 (F) mRNAs in liver of female and male mice. *, P Ͻ .05 Student's t test (A and B), linear regression with a two-tailed comparison of slope and intercept (C and D), or #, P Ͻ .05 (comparison between males and females) two-way ANOVA with Bonferroni post hoc analysis (E and F) (control n ϭ 10, saccharin n ϭ 10 for A-D; control n ϭ 9, saccharin n ϭ 15 for females in E and F; and control n ϭ 7, saccharin n ϭ 7 for males in E and F). It should be noted that at the circulating concentrations achieved in the current study, saccharin binds both the sweet (EC 50 ϭ ϳ0.1mM) (79) and bitter (EC 50 ϭ ϳ1.1mM-1.7mM) (80) taste receptors. Sweet and bitter receptors are expressed in numerous nongustatory tissues (eg, pancreatic ␤-cells and testes), where they mediate diverse biological functions, including insulin secretion, airway constriction, spermatogenesis, and nutrient absorption (22, 23, 25, (81) (82) (83) (84) (85) (86) (87) (88) (89) (90) (91) . We previously described that saccharin robustly induced adipogenesis in vitro. In contrast, the current study indicates administration of saccharin to neonatal mice slows female growth and reprograms male body composition. Although food intake and testosterone may play ancillary roles in the resulting phenotypes, the divergence between our in vitro and in vivo studies may result from the complex interplay of sweet and bitter taste receptor activation in multiple metabolic tissues. The fact that the male mice administered saccharin largely phenocopied mice deficient in sweet taste receptors points towards the possibility that saccharin is down-regulating T1R2/T1R3 during development (27) . In addition, one estimate suggests that 1%-1.5% of adipocytes are turnedover daily in rodents (92) . Thus, it is formally possible that saccharin increases adipogenesis, but increased number of adipocytes is masked by an increased rate of adipocyte turnover. Future studies will need to clarify the role of sweet and bitter receptors in isolated cells and how they function together in vivo if the mechanisms used by saccharin to metabolically program mice are to be identified. Finally, although the results of the current study seem superficially favorable in male mice and unfavorable in female mice, the long-term consequences of saccharin at clinical concentrations on lean, fat, bone, and glucose homeostasis will need to be determined.
